Effects of helium and hydrogen production on irradiation hardening of martensitic steel F82H (Fe-8Cr-2W-0.2V-0.04Ta-0.1C) were examined by dual or triple beam experiments. The effects of tempering and cold working were also examined. The irradiations were performed at about 500 C to 50 dpa under simultaneous dual beams of 10.5 MeV Fe 3þ and 1.05 MeV He þ or triple beams of those and 380 keV H þ ions. The value of appm-He/dpa for the dual ion beams was about 15, and the values of appm-He/dpa and appm-H/dpa for the triple ion beams were 15 and 15 (or 150), respectively. The hardness of the irradiated specimens measured at room temperature using a micro indentation after the irradiations. Irradiation softening and hardening was observed in F82H-std, F82H+20%CW and a non-tempered F82H steels irradiated at about 500 C to 18 and 50 dpa, respectively, by dual ion beams. The hardness of the specimens irradiated at about 500 C to 18 dpa under triple ion beams was harder than that under dual ion beams.
Introduction
Low-activation ferritic/martensitic steels are candidate materials for the first wall and blanket structure of fusion reactors. The high-energy neutrons produced in the D-T fusion reaction induce displacement damage and generate gas atoms from (n, p) and (n, ) reactions in the materials. The presence of these gases may lead to degradation of mechanical properties. The changes of mechanical properties are intimately related with the microstructural evolutions such as the formation and growth of defect clusters, which is easily affected by the existence of helium atoms. The effects of helium production as a function of displacement damage and heat treatment on swelling behavior of F82H steel by neutron irradiation at 300 and 400 C were reported, 1) and the synergistic effects of displacement damage helium and hydrogen on swelling behavior at 470-600 C [2] [3] [4] [5] and irradiation hardening 6) at 270 C and 360 C of F82H steel by ion irradiation were also reported. These results showed that the production of gaseous atoms enhanced the swelling and hardness of the F82H steel, and the non-tempered treatment for the F82H steel remarkably suppressed the swelling.
The purpose of this study is to investigate the effects of ratios of hydrogen and helium to displacement damage and of initial microstructures due to cold working and tempering on hardness of F82H steel irradiated at about 500 C by dual or triple beam conditions.
Experimental Procedure
The chemical compositions of the F82H-std steel (IEAheat, rolling No. KG820-2, sampling position 42W-16, grain size number 3.5) used in this study are given in Table 1 . The heat treatment for F82H steel was firstly normalized at 1040 C for 38 minutes in a vacuum followed by air-cooling. After that the specimens were tempered at 750 C for 1 hour in a vacuum followed by air-cooling.
In this study, four types of F82H specimens were prepared as shown in Table 2 , and they were denoted as F82H-std, F82H (as-nor.), F82H (10 min-tempered) and F82H+ 20%CW. The F82H-std was normalized at 1040 C for 0.5 h and tempered at 750 C for 1 h (a second N&T heat treatments) after the first N&T heat treatments. The F82H (as-nor.) was normalized at 1040 C for 0.5 h after the first N&T treatments. The F82H (10 min-tempered) was normalized at 1040 C for 0.5 h and tempered at 750 C for 10 minutes after the first N&T treatment. The F82H+20%CW was cold-rolled up to 20% after the first N&T treatments. The microstructures of the specimens were observed using a transmission electron microscope of Hitachi HF2000 before irradiation experiments.
Ion irradiations were performed at about 500 C under a simultaneous dual ion irradiation with 10.5 MeV Fe 3þ ions and 1.05 MeV He þ ions or a simultaneous triple ion irradiation with the Fe ions, the He ions and 380 keV H þ ions in TIARA facility of JAEA. The ion irradiations were performed to about 2.3, 18 and 50 dpa. The ratios of He (appm)/dpa and H (appm)/dpa at the depth of 1.75 mm are 15 and 15 (or 150) for dual and triple beam irradiation. The displacement damage and ion concentrations were calculated by using SRIM2003 code, and the major component of displacement damage is due to the contribution of elastic collision of Fe ions. During the ion irradiations, the temperature of the surface in all specimens was continuously measured with Nikon's thermal vision system. After irradiation, the indentation testing was performed on these specimens, using a Berkovich diamond indenter at a maximum load to 25 mN, on an ultra micro-indentation, UMIS-2000. Micro-hardness profiles were obtained by a contact pressure evaluation method based on the procedure proposed by Oliver et al. 7) 30 data points were measured for each specimens and the average was calculated. The detail of the micro-indentation procedure have been explained elsewhere. 8) 3. Results
Microstructures and hardness before irradiation
Figs. 1(a)-1(d) show the microstructures of F82H (asnor.), F82H (10 min-tempered), F82H-std, and F82H+ 20%CW specimens, respectively. Lath structure and a high density dislocation were observed in the F82H (as-nor.) specimen, and no formation of carbides were seen as given in Fig. 1(a) . In the F82H (10 min-tempered) and F82H-std specimen, the densities of dislocations were lower than that of F82H (as-nor.), and the carbides were observed. The density of dislocation in the F82H+20%CW steel was slightly higher than that of F82H-std with a relatively high number density of dislocations about ð2{5Þ Â 10 14 m À2 . Figure 2 shows micro-hardness of the specimens measured at room temperature using an ultra micro-indentation. The hardness of F82H (as-nor.) steel was about twice of F82H-std. The hardness of F82H+20%CW was slightly higher than that of F82H-std. Figure 3 shows the micro-hardness of F82H-std irradiated at about 500 C to 50 dpa by dual beams of Fe 3þ and He þ ions as a function of displacement damage. The micro-hardness of F82H-std before irradiation was about 3.4 GPa at room temperature. A small of irradiation-hardening was observed in the specimen irradiated at about 500 C to 2.3 dpa, and the micro-hardness decreased somewhat at 18 dpa and then it was changed to increase at 50 dpa. The micro-hardness of F82H-std, F82H+20%CW and F82H (as-nor.) specimens irradiated by the dual ion beams at about 500 C to 50 dpa is given in Fig. 4 , and the irradiation softening and hardening were observed at 18 and 50 dpa, respectively, in these specimens. The largest irradiation softening occurred in the specimen with highest dislocation density.
Hardness after ion irradiation
The effect of hydrogen concentration to displacement damage in the F82H-std and F82H+20%CW steels was examined by dual and triple ion irradiations as shown in Fig. 5 . In both specimens, the increase of micro-hardness due to irradiation in triple beam condition was larger than that in dual beam condition. The co-implantation of hydrogen and helium atoms enhanced the micro-hardness, but the large increment of hydrogen concentration for the co-implantation on the micro-hardness was relatively small.
Discussion
As shown in Figs. 3 and 4 , the micro-hardness irradiated at 500 C to 50 dpa by dual ion beams depended on displacement damage, i.e., small increment of micro-hardness occurred at the initial damage stage of 2.3 dpa, however after that, the micro-hardness was changed to decrease between 2.3 and 18 dpa and then it increased between 18 and 50 dpa. The change of micro-hardness during irradiation would be related to microstructural evolution of defect clusters such as dislocations, dislocation loops and cavities. It is well known that the formation of dislocation network and disappearing dislocations during irradiation decreases the hardness. As shown in a reference of irradiation softening in a 9Cr-2W martensitic steel, 9) the reduction of strength was induced by neutron irradiation of FFTF/MOTA up to 36-61 dpa at 410 C. F82H steel has similar microstructures with the 9Cr-2W martensitic steel, and the irradiation softening of F82H steel would be easily expected during irradiation at over 400 C. However, the change from softening to hardening by irradiation has been reported. In order to explain this process from irradiation softening to irradiation hardening, we have to think the other factors except for the disappearing process of dislocations. It should here point out a difference of helium production amount during irradiation between present experiment data and the other experimental ones. The production amount of helium atoms in the reference 9 ) is a few appm-He level and that of present study is about 750 appmHe at 50 dpa. According to our previous data of swelling behavior, 1) it was found that the increase of helium atom production enhanced the nucleation of cavities in F82H steel. Accordingly, the increment of number density of cavities due to helium implantation can be expected in present study. It is very known that defect clusters such as bubbles and voids have barrier strength for deformation, 10) and therefore the formation and growth of cavities could contribute on irradiation hardening, and the micro-hardness could increase somewhat with increasing the size and number density of cavities. In Fig. 6 , the schematic explanation of this process is given, and there are two processes of dislocation disappearing and cavity formation and growth. The process A is mainly due to the process of disappearing dislocations, 
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Daul beams (15 appm/dpa) Triple beams(15 appmHe/dpa, 15 appmH/dpa) Triple beams(15 appmHe/dpa, 150 appmH/dpa) Fig. 5 Effect of triple and dual ion beams on micro-hardness of F82H-std and F82H-std+20%CW steels irradiated at 500 C to 18 dpa. Effect of Helium and Hydrogen Production on Irradiation Hardening of F82H Steel Irradiated by Ion Beamsand the process B is mainly due the process of the formation and growth of cavities. As shown in Fig. 4 , the enhancement of irradiation hardening due to co-implantation of hydrogen and helium atoms was found. In previous studies 2, 3) of swelling behaviors by triple and dual ion beams to 50 dpa, the dislocation densities were similar to each other, and the sizes and number densities of cavities depended on the ratios of He/dpa and H/ dpa for ion irradiation conditions. Hydrogen atoms enhanced the growth of cavities during triple ion irradiations. Therefore, the enhancement of micro-hardness by the triple ion irradiation in present study might be explained by the formation of lager cavities. The similar effects of enhancement of irradiation hardening 11) and swelling 12, 13) due to triple ion beams in the other martensitic steel, 10) vanadium and vanadium alloys 12) and SiC/SiC composites 13) were reported.
Conclusions
Synergistic effects of helium and hydrogen implantations on irradiation hardening of F82H irradiated by dual or triple beam condition were investigated by micro hardness measurements. The irradiation was performed at 500 C to 18 or 50 dpa under simultaneous dual beams of 10.5 MeV Fe 3þ and 1.05 MeV He þ or the Fe, the He and 380 keV H þ ions. The ratios of He (appm)/dpa and H (appm)/dpa were 15 and 15 (or 150) for dual and triple ion beams. The results obtained as described below;
(1) Irradiation softening and hardening under dual beams was observed in F82H steel irradiated at 500 C to 18 and 50 dpa, respectively. (2) The micro-hardness in F82H-std, F82H+20%CW and F82H (as-nor.) steels irradiated at 500 C to 18 dpa under triple beam irradiations was larger than that under dual beam irradiation.
(3) The cause of the irradiation softening and hardening may be related with microstructural evolutions due to the processes of disappearing dislocations and the formation and growth of cavities during irradiation.
